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Alongside the rapid expansion of wind power installation in China, wind curtailment is also
mounting rapidly due to China’s energy endowment imbalance. The hydrogen-based
wind-energy storage system becomes an alternative to solve the puzzle of wind power
surplus. This article introduced China’s energy storage industry development and
summarized the advantages of hydrogen-based wind-energy storage systems. From
the perspective of resource conservation, it estimated the environmental benefits of
hydrogen-based wind-energy storages. This research also builds a valuation model
based on the Real Options Theory to capture the distinctive flexible charging and
discharging features of the hydrogen-based wind-energy storage systems. Based on
the model, simulation results, including the investment value and operation decision of the
hydrogen energy storage system with different electricity prices, system parameters, and
different levels of subsidies, are presented. The results show that the hydrogen storage
system fed with the surplus wind power can annually save approximately 2.19–3.29 million
tons of standard coal consumption. It will reduce 3.31–4.97million tons of CO2, SO2, NOx,
and PM, saving as much as 286.6–429.8 million yuan of environmental cost annually on
average. The hydrogen-based wind-energy storage system’s value depends on the
construction investment and operating costs and is also affected by the mean-
reverting nature and jumps or spikes in electricity prices. The market-oriented reform
of China’s power sector is conducive to improve hydrogen-based wind-energy storage
systems’ profitability. At present, subsidies are still essential to reduce initial investment
and attract enterprises to participate in hydrogen energy storage projects.
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INTRODUCTION

In China, with the rapid development of renewable energy power, installed wind power capacity is
increasing year by year. However, wind power generation has a high-frequency power curtailment
phenomenon, making the renewable energy consumption problem more serious. The resulting
contradictions between the on-grid load and the excess wind power generation become increasingly
prominent. According to the statistics of the National Energy Administration of China, from 2011 to
2018, China’s cumulative wind power curtailed totaled 215.1 billion kWh, suffering an economic loss
of 116.5 billion yuan, and the average annual wind surplus ratio is as high as 12.89%. If energy storage
systems are connected to the wind farms to shave the peak load, the electricity operators can better
ensure the wind power output stability and improve the power output quality (Apostolou and
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Enevoldsen 2019). The hydrogen-based energy storage system
(HESS) provides a reasonable solution for wind power generation
flaws—excess wind power can render the energy storage system.
It will be used to electrolyze water to produce hydrogen. The
hydrogen either returns to the grid through methods such as fuel
cells or is used as energy carrier ending up in industrial or
commercial application (Chen et al., 2009; Ipsakis et al., 2009;
Bakke et al., 2016; Javed et al., 2020; Mayyas et al., 2020).
According to the Global Energy Storage Database of the
Department of Energy of the United States, as of June 2018,
the world’s total installed capacity of energy storage systems had
reached 195.74 GW, and 1747 projects are running in operation.
The number of hydrogen storage projects totals 14 with an
installed capacity of 0.02 GW.

Chinese government has explicitly supported the development
of the hydrogen energy industry since 2014. The State Council has
issued policies to upscale developing the hydrogen fuel-cell motor
vehicle (HFEV) industry. Subsidies compensate the whole
industrial chain from hydrogen production and vehicle sales
to hydrogenation station construction (see the Supplementary
Material). As for the research and development of HESS, the
government and the industry have carried out three
demonstration projects of HESS in China. The first one is the
“Technology Research and Demonstration Test Project of Direct
Hydrogen Production by Wind Power and Fuel-Cell Power
Generation System,” which is put into practice by China
Energy Conservation and Environmental Protection Group
Corporation since April 2014. The project was projected with
a hydrogen production power of 100 kW and a fuel cell electric
power of 30 kW. The second is the demonstration project of a
wind-power HESS operated by Sino-German cooperation since
April 2015. Its hydrogen generation power reaches 200 MW, and
the production capacity reaches 17.52 million standard cubic
meters per year. The third one is a wind-power HESS invested
by Goldwind Technology Company in Jilin Province. Its total
installed capacity of wind power generation reaches 100 MW, and
the maximum energy storage capacity is 10 MW.

However, the research and development of critical technologies
for wind-powerHESS in China are still in its infancy. The technical
bottlenecks lie in critical technologies such as the efficient
conversion of power to hydrogen, large-scale and low-cost
hydrogen storage, and comprehensive energy utilization.
Besides, unlike developed countries such as the United States
and Japan, China has not yet regarded energy storage as an
independent industry, it lacks the top-down design of energy
storage payment mechanism, and the hydrogen energy storage
industry has not yet achieved commercial development. However,
it is essential to evaluate the resource value, environmental value,
and investment value of the wind-power HESS from the
perspective of sustainable development of wind power and
large-scale hydrogen energy commercialization.

Some researchers adopted the cost-benefit analysis and
discounted cash flow approach to evaluate the value of energy
storage. The report published by American Electric Power Research
Institute and Sandia Laboratories discussed the potential costs and
benefits of energy storage applied to power generation,
transmission, and distribution (Eckroad, 2003). Schoenung

(2011) analyzed both the short-term and long-term applications
of energy storage systems, including load balancing, peak load
shaving, and power quality improvement. They analyzed the
influence of various operating parameters such as time response,
capital cost, efficiency, operating cost, and renewal cost on the
energy storage system’s application effects. Many scholars
compared the economics of different energy storage technologies
from a broader range of technical features, including service life,
energy efficiency, power density, and degree of technology
maturation (Harrison et al., 2009; Steward et al., 2009;
Schoenung, 2011). With a deep understanding of energy storage
technology, researchers introduced uncertainties in the economic
evaluation of energy storage systems (Denholm and Sioshansi,
2009; Loisel et al., 2015; Parra et al., 2019). Yu and Foggo (2017)
pointed out that the lack of understanding of investment risks
related to energy storage is an obstacle to its application and
popularization. They established a stochastic valuation model of
energy storage in the large-scale electricity market. Bakke et al.
(2016) suggested considering the uncertainty of electricity price
fluctuation when conducting power storage investment evaluations.
The spot price of electricity generally shows strong seasonality,
mean recovery, high volatility, clustering effect, and extreme price
changes. This high-frequency electricity market price fluctuation
provides flexibility in operation of the energy storage system.

Foreign countries attach great importance to the economic
research of hydrogen energy storage technology and wind-
power HESS and have begun to develop the evaluation
simulation software of wind-power HESS, including the
following three software platforms: first, HOMER, a power
system optimization platform developed by the Renewable
Energy Laboratory of the United States Department of Energy,
is mainly used to evaluate the effect of grid-connected power
generation system and can effectively assess and analyze the
economy and sensitivity of the integrated system of wind power
and fuel cells hydrogen production (Bansal et al., 2020; Hassani
et al., 2020). Second, TRNSYS, a system dynamic behavior
simulation software platform designed and released by the New
Energy Power Laboratory of the University ofWisconsin-Madison,
United States, effectively quantifies and evaluates the operation
effect of power system through simulation, and its standard
database is composed by nearly 150 calculation models,
including the simulation calculation models of hydrogen
production system by wind power and fuel cell generation
models (Bakić Vukman et al., 2012; Buonomano et al., 2018).
Third, URHYS, a renewable energy grid-connected systems
optimization platform, is mainly used for economic evaluation
and decision-making optimization of wind-power HESS (Twaha
and Ramli, 2018). All these models provide implications for the
research and development of a comprehensive wind-power HESS
appraisal model in China. Nevertheless, both the model and
parameters should be adjusted to fit for the reality of Chinese
wind-power HESS industry.

Overall, previous literature mostly used cost-benefit analysis
and the traditional NPV method for energy storage evaluation.
However, considering the uncertainties during the energy storage
system’s operation, static cost-benefit analysis and net present
value calculationmay underestimate the flexibility value of energy
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storage projects. The real options method can improve the
accuracy and effectiveness of elastic valuation. Besides, most of
the current research focused on the mature mechanical energy
storage technology, quite few on the comprehensive evaluation of
wind-power HESS. As a frontier energy storage alternative, HESS
provides an alternative pathway that not only helps to integrate
wind power generation, but also enables the decarbonization of
the transportation and natural-gas sectors. A comprehensive
appraisal of the wind-power HESS has particular theoretical
and practical significance to unlock its environmental and
investing potentials in China.

STRUCTURE AND CHARACTERISTICS OF
WIND-POWER HYDROGEN-BASED
ENERGY STORAGE SYSTEM
Wind-power HESS usually includes wind power input, water
electrolysis device, hydrogen storage device, fuel cell, and other
power generation devices connected to the grid. The operation
started from inputting excess wind power into HESS,
electrolyzing water to produce hydrogen, and inputting
hydrogen into the energy storage device. The system further
increases the storage density by means such as high-pressure
compression. Finally, hydrogen energy can be returned to the grid
through the fuel cell at an appropriate time, thus improving the
utilization of grid-connected wind power and ensuring the stable
output of power system (see Figure 1).

In the wind power storage industry, traditional electrolyzers
make difficult to maintain a stable hydrogen production because
of the intermittence and fluctuation of power input. It is necessary
to equip high-performance electrolyzers to ensure the HESS’s
hydrogen energy input safety. Under the current technical
conditions, the proton exchange membrane (PEM) electrolyzer
can meet the technical requirements of hydrogen production in
the wind-power HESS. PEM electrolyzer can keep the hydrogen
production rate stable under high intermittent and high
fluctuation of electricity input. It can resist high voltage and
digest a strong current density (Patrício et al., 2012).

The hydrogen storage device is the most critical component of
the wind power-hydrogen storage system, and it can replace the

traditional energy storage technology. Hydrogen can be
compressed into a gaseous state, liquid state (such as metal
hydride and carbon material), or solid state (such as methanol
and ammonia) for storage. At present, compressed gaseous
hydrogen is widely used in large-scale hydrogen energy storage
systems because of low energy leakage (lower than 0.00033%·d−1)
and high conversion efficiency (higher than 90%). High energy
efficiency can adequately compensate for the long time-
consuming disadvantage of hydrogen production by water
electrolysis (Bergen et al., 2009).

As the hydrogen-based wind-energy storage system’s back-
end, the fuel cell is responsible for power output and grid-
connected sales. There are two alternatives: high-temperature
fuel cells and low-temperature fuel cells. Generally speaking, low-
temperature fuel cells are more suitable for the power generation
of hydrogen energy storage system because of its flexible working
hours and the ability to start and stop at any time (Andrijanovits
and Beldjajev, 2012).

RESOURCES AND ENVIRONMENTAL
BENEFITS OF WIND-POWER
HYDROGEN-BASED ENERGY STORAGE
SYSTEM

As a backup facility of wind farms, the wind-power HESS plays
the role as energy buffer. Its powerful resources and
environmental benefits will bring a revolution to the energy
storage industry.

Energy-Saving Effect
According to the National Energy Administration of China, the
energy loss of wind power curtailment in China was 16.9 billion
kWh in 2019. The curtailment rate was 4%, which was the lowest
level for the past decade. Take the year 2019 as the benchmark
year, considering the increasing installed capacity of wind power,
the improvement of grid-connected rate, and the further
improvement of clean power incentive policies in the future.
In that case, the average annual wind power curtailed may
fluctuate by 20% based on the benchmark scenario. In the

FIGURE 1 | System configuration of wind-power HESS.
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ideal situation, the wind power-hydrogen energy storage device
would absorb all the surplus wind power.

This article takes the base-load coal-fired power as the
reference to estimate the energy-saving effect of the wind-
power HESS. The coal-fired power plants in China apply the
600-MW or 1000-MW ultrasupercritical units with an average
standard coal consumption of 300 g/kWh. Suppose the efficiency
of the hydrogen production unit is 60% and the efficiency of the
hydrogen-electricity conversion is 90%, the energy storage system
can save as much as 2.190–3.285 million tons of standard coal
consumption. The calculation results are shown in Table 1.

The 1000MW supercritical generators are the most advanced
coal-fired power plants globally, highlighting high-efficiency and
ultra-low emission. The generators’ power efficiency is 47.82%, and
the standard coal consumption for power generation is 253 g/kWh.
If taking the 1000MW supercritical generators as a reference, the
total saving of standard coal consumption by the HESS will be as
high as 1.847–2.771 million tons/year (see Table 1).

Emission Reduction Effect
Wind power generation has outstanding environmental protection
advantages because it has no emission of dust (PM2.5), SO2, NOx,
CO2, or other toxic gases, which is also the highlight feature of the
wind-power HESS. Here, we take the base-load coal-fired power

generation as the reference and calculate the hydrogen energy
storage system’s emission reduction effect. In fact, substantial
emission has been reduced from Chinese power plants after the
introduction of ultra-low emissions standards (Tang et al., 2019).
Suppose the coal-fired power plants apply the current mainstream
ultrasupercritical generators, which emit about 453 g of CO2 per
kilowatt/hour (Zhao et al., 2020). The SO2, NOx, and PM emission
rates are 0.165 g/kWh, 0.239 g/kWh, 0.028 g/kWh, respectively
(Tang et al., 2019). Table 2 summarizes conventional coal-fired
power plants’ pollutant emission rates and unit
environmental costs.

The annual emission of pollutants is calculated by multiplying
the annual wind power saving in Table 1 by the pollutant
emission rate. The environmental cost, which is the external
environmental benefit of the wind-power HESS, can be obtained
by multiplying the annual emission by the unit environmental
cost. Based on the above parameter assumptions, the wind-power
HESS can reduce the CO2 emissions by 3.307–4.961 million tons
and the pollutant emissions by 3,154–4,731 tons per year.

People pay lots of attention to the air pollution problem in
China, and the air pollution emission standards are increasingly
strict. China has implemented the new emission standard for air
pollutants in thermal power plants (GB 13223–2011) since July 1,
2014, and the new National Ambient Air Quality Standard (GB

TABLE 1 | Coal consumption savings of wind-power HESS.

Scenarios Annual wind power
curtailment (billion kWh)

Annual wind power
saving (billion kWh)

Coal saving (million tons)

If unit coal
consumption for 1 kWh = 300 g

If unit coal
consumption for 1 kWh = 253 g

Baseline 16.90 9.126 2.738 2.309
Low curtailment rate 13.52 7.301 2.190 1.847
High curtailment rate 20.28 10.951 3.285 2.771

Note: wind power in baseline scenario � wind power curtailed of China in 2019; abandoned wind power with low curtailment rate � baseline scenario * 80%; abandoned wind power with
high curtailment rate � baseline scenario * 120%. Available wind power � annual curtailed wind power * 60% *90%, where 60% is the efficiency of the hydrogen production unit and 90% is
the efficiency of the hydrogen-electricity conversion in our estimation. In the report of Research on China’s Natural Gas Development Strategy by the Development Research Center of the
State Council (2015), the Unit Coal Consumption for large-capacity generating units in China is roughly 300 g/kWh. Considering the parameter of the most advanced 1000 MW
supercritical coal-fired generators, this number will approach 253 g/kWh. See the news from http://news.cctv.com/2019/12/11/ARTIkCHyj9hDLKJuCl5WT3c3191211.shtml.

TABLE 2 | Environmental benefits of the wind-power HESS.

Emission
rate

(g/kWh)

Unit cost Base scenario Low curtailment High curtailment

Annual
emissions

(ton)

Environmental
cost

(000 RMB)

Annual
emissions

(ton)

Environmental
cost

(000 RMB)

Annual
emissions

(ton)

Environmental
cost

(000 RMB)

SO2 0.165 13.8 yuan/
MWh

1,506 125,939 1,205 100,751 1,807 151,127

NOx 0.239 8.2 yuan/MWh 2,181 74,833 1,745 59,867 2,617 89,800
CO2 453 20.64 yuan/

ton
4,134,078 85,327 3,307,262 68,262 4,960,894 102,393

PM 0.028 7.9 yuan/MWh 256 72,095 204 57,676 307 86,514
Total 453.432 4,138,020 358,195 3,310,416 286,556 4,965,625 429,834

Note: the emission rate and unit cost of pollution emissions (SO2, NOx, PM) are based on the work of Tang et al. (2019). They adopted the Continuous Emission Monitoring Systems
Network to calculate the emission factors after the introduction of ultra-low emissions standards. The emission rate of CO2 is obtained from the work of Zhao et al. (2020). Zhao et al. (2020)
estimate the carbon emission factor of coal-fired power plants of China in 2020. Their estimation is founded on the base of the emission factors proposed by Shan et al. (2018), which are
closer to China’s actual survey value than that of IPCC (2015). The cost of CO2 is estimated by using the transaction data of China Emissions Exchange (CEEX) in Guangzhou. The trading
volume totals 0.196 billion tons with a total trading value of 3.489 billion yuan. So, we estimate the unit cost of CO2 to be 20.64 yuan/ton.
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3095–2012) since January 1, 2016, with the emission limit of
PM2.5 being raised. The wind-power HESS will undoubtedly play
a positive role in improving wind power utilization and reducing
pollutants and greenhouse gas emissions from coal-fired power
plants. However, no matter how much resource and
environmental benefits the new storage system brings, it is the
investment value that decides the commercialization and market
prospects of the wind-power HESS.

INVESTMENT VALUE OF WIND-POWER
HYDROGEN-BASED ENERGY STORAGE
SYSTEM
Nature of Real Options
The critical advantage of wind power-hydrogen storage technology
is its operational flexibility. The wind power plant operators can
select different operation modes according to the price change in
the power market, thus creating a time difference between wind
power generation and on-grid sales. Therefore, wind-power
HESS’s maximum economic value is closely related to the
operational decision. Operators can adopt reasonable charging
and discharging strategies to earn maximum profits. As
electricity price increases, the system releases hydrogen energy
and convert it into electricity through fuel cells for on-grid sales to
earn profits. As electricity price decreases, the system electrolyzes
water to produce hydrogen, converts electric energy into hydrogen
energy, replenishes the workload of the wind-power HESS, and
sells it when the electricity price reverts to its high level.
Operational flexibility is a kind of Compound Real Option since
operators face many choices to delay charging and discharging
decisions; thus, they can wait for more information and favorable
prices to make better-informed decisions. It is necessary to set up a
suitable valuation model to cover the Compound Real Options
features of the wind-power HESS.

In the process of energy storage, a considerable volume of
curtailed wind power is fed to the wind-power HESS, and this
part of electric energy can be directly stored by electrolyzing water
to produce hydrogen without purchase cost. Therefore, the
fluctuation of input wind power will have a particular impact
on the profit of the wind-power HESS, and, at the same time, it
will affect the actual operating power of the energy storage system
(the system is limited by rated capacity). Therefore, the wind-
power HESS evaluation model needs to simulate this part of free
wind input to quantify the system’s economy accurately.

Valuation Model Construction
Cost-Benefit Analysis
For a wind-power HESS directly connected to the wind farms, its
cost consists of fixed cost and variable cost. The fixed cost
includes the depreciation and amortization of initial
investment and the fixed operating and management expenses.
The variable cost includes the unit operating cost of energy
storage or release. It varies directly to the energy storage
system’s operating power and the input/output power. The
operating income comes from the sales of on-grid electricity
discharged from the wind-power HESS.

Assume that at time t, the working capacity of the hydrogen
storage system is I(t), I(t) ∈ [0, Imax], where Imax indicates the
maximum working capacity (kWh) of the hydrogen storage
system. u(t) indicates the control variable of the hydrogen
storage system, that is, the power of storing or releasing
hydrogen energy, which satisfies umin≤u(t)≤umax. umax> 0
indicates the maximum discharge power, and umin < 0
indicates the maximum hydrogen storage power.

There is no purchase cost for the surplus wind power digested
by the wind-power HESS. We use the mean-reverting model
established by Kelouwani et al. (2005) to simulate the change in
excess wind power input to the hydrogen storage system, as
shown in Eq. 1 follows:

Ei(t) � a + bsin[2π(t − t0)] + α1[Ei0 − Ei(t − 1)]dt
+ σ1Ei(t − 1)dZ, (1)

where Ei(t) represents the input power of the surplus wind into
the hydrogen energy storage system; a and b are two periodic
variation parameters of excess wind power’s input power; t0 is the
time of maximum input power in 1 year; α1 is the average
recovery rate; σ1 is volatility; dZ is a standard Wiener process.
The actual operating power after removing excess wind power’s
input power should satisfy umin - Ei(t) ≤ u(t) ≤ umax.

The energy storage capacity volatility is mainly determined by
the power of charge and discharge energy and electrohydrogen
conversion efficiency. Considering the uncertain consumption of
excess wind power’s input power, the change of energy storage
working capacity is shown in .

dI
dt

� [ − u(t) + Ei(t)]a(u), (2)

where I represents the energy storage capacity of the wind-power
HESS and a(u) indicates the efficiency of electrohydrogen
conversion when hydrogen is input or output, a(u)≥0.

We focus on the annual total cost during the operational stage,
so set the time when the energy storage system is officially put
into operation as t0. Calculate the equivalent annual cost of the
initial construction investment to allocate initial capital
expenditure evenly among operational stage. Then discount
the operating costs, subsidies, and the equivalent annual cost
of the initial construction to t0. The formula of the total cost is as
follows:

CD(t) � { c[ − u(t) + Ei(t)]a(u), u(t)< 0
cu(t)a(u), u(t)≥ 0 ,

∫T

0
e−rτCsdτ � ∫0

−t1
e−rτ(IS − Sub)dτ,

CS � e−rt1 − 1
1 − e− rT

(IS − Sub),

C(t) � C0 + CD(t) + e−rt1 − 1
1 − e− rT

(IS − Sub),

C(t) �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

C0 + c[ − u(t) + Ei(t)]a(u) + e− rt1 − 1
1 − e−rT

(IS − Sub), u(t)< 0

C0 + cu(t)a(u) + e− rt1 − 1
1 − e−rT

(IS − Sub), u(t)≥ 0
, (3)
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where t1 indicates the investment period of the project and T is
the total operation period. C(t) represents the operating cost of
the system per unit time, including (1) CS(t), the net cost during
the investment stage offset by subsidies; (2) C0, the energy storage
cost per unit time; and (3) CD(t), the charge and discharge cost per
unit time, which is directly proportional to the unit cost c and the
real-time charge and discharge power. IC represents the one-time
initial investment cost, Sub means subsidies on the equipment
purchase expense, and r represents the discount rate.

Fluctuations in Electricity Price
At present, China is deepening its power industry reform,
gradually liberalizing the power sector from the government’s
macro-control. One of the reform’s objectives is to abolish the
fixed electricity prices into marketized electricity prices.
Therefore, this research assumes that electricity price is a
liberalized market price.

The electricity price in a liberalized market shows robust
seasonal features and peaks and jumps in its movement.
Soaring and jumping ups in price are related to supply
interruption and abnormal incremental demand due to
extreme weather. The severe dives in price are related to
uncertain external factors, such as the excess power
generated by the wind farms’ failure of “shut down”. This
kind of price surge or plunge is usually short lived. Once the
supply and demand interruptions are alleviated, the price will
quickly return to its original level. The seasonal fluctuation of
electricity prices is related to the demand, price rising in the
period of high demand and falling in the period of low
demand. To sum up, for most market-oriented electricity
markets in the world, the characteristics of electricity prices
are periodicity, seasonality, high volatility, mean reversion,
and peak-jumping.

To establish a multifactor electricity price model, we modified
the multifactor electricity price model of Borovkova and Schmeck
(2017) to adapt to the Chinese power sector. The complex
multifactor electricity price model of Borovkova and Schmeck
(2017) is as follows:

Yt � At +Mc
t +Md

t

At � e−θT(t) + μ(1 − e−θT(t)) − θ∫t

0

× ∫u

0
eθT(s)σ






τ(s)√

dB(s)e−θT(u)τ(u)du + ∫t

0
∫

R
xv(dx, du)

− θ∫t

0
∫u

0
∫

R
eθT(s)xN(dx, ds)e−θT(u)τ(u)du

s(t) � a1 sin(a2 + 2πt
T

) + a3

Mc
t � σ ∫t

0






τ(u)√

dB(u)

Md
t � ∫t

0
∫

R
x(N − v)(dx, du), (4)

Yt is a spot price considering mean-reverting effect, seasonality,
random volatility, jumping, and correlation of different random
movements. At describes the random walk trend considering

mean reversibility, s(t) describes periodic seasonal fluctuation,
and Mc

t and Md
t describe the fluctuation and jumping,

respectively.
As China’s power sector’s marketization is still in its infant

stage, Borovkova and Schmeck’s (2017) model can be simplified.
We can directly add the seasonal effect term to the reverting mean
and reflect the random fluctuation and peak jumps with two
parameters. Thus, the power market price model is established as
follows:

dP � α2[K(t) − P]dt + σ2PdB + cPdZ1, (5)

K(t) � K0 + βsin[2π(t − tSA)], (6)

where P stands for electricity market price, K(t) for long-term
equilibrium price under seasonal effect, K0 for long-term
equilibrium price without seasonal effect, α2 for average
price recovery rate, σ2 for price fluctuation, γ for the
jumping parameter of electricity price, and dB for standard
Wiener process increment (dB � ε




dt

√
, ε ∼ N(0, 1). dZ1

represents the increment of the Poisson process (dZ1 � λdt),
β represents the seasonal parameter of electricity price, and tSA
indicates the time when the seasonal electricity price is the
highest.

Due to the surge in demand for heating in winter and cooling
in summer, the power price reaches its peak then. So K(t) in Eq. 6,
which reflects the seasonal fluctuation of equilibrium price in the
electricity market, is a periodic function for a half year.

Valuation Model
Operators of the wind-power HESS can maximize the economic
value by optimizing charge and discharge decisions. The
operator’s objective is as follows:

maxuE
⎧⎪⎨⎪⎩ ∫T

0
e−rt[u(t)a(u)P(t) − C(t)]dt

⎫⎪⎬⎪⎭, (7)

where u ∈ [umin(t) − Ei(t), umax(t)], and E represents operators’
expected profit.

We define V(P,t) as the economic value of the wind-power
HESS. That is, the value of the wind-power HESS is a function
that depends on the price and time variation of the electricity
market.

V(P, t) � maxuE
⎧⎪⎨⎪⎩ ∫T

0
e− rt[u(t)a(u)P(t) − C(t)]dt

⎫⎪⎬⎪⎭, (8)

To make the model intuitive, we establish a standard Bellman
equation, which separates the energy storage system’s value from
t to t + dt and t + dt to T and then simplify the value formula with
the rectangle method. See the detailed derivation process:

V(P, t) � maxuE
⎧⎪⎨⎪⎩ ∫

t+dt

t

e− r(τ− t)[u(τ)a(u)P(τ) − C(τ)]dτ

+ ∫T

t+dt
e− r(τ− t)[u(τ)a(u)P(τ) − C(τ)]dτ

⎫⎪⎬⎪⎭,
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V(P, t) � maxuE{∫ {[u(t)a(u)P(t) − C(t)]dt

+ e− rdtV(P + dP, t + dt)}},
Bring the cost (Eq. 3) into the above formula, and carry out

Taylor’s expansion. According to Ito’s Lemma, we can get

V(P, t) � maxuE{∫ {[u(t)a(u)P(t) − C0 − CD(t) − CS]dt

+ (1 − rdt)[V + α(K0 + βsin(2π(t − tSA)) − P) zV
zP

dt

+ 1
2
σ2
z2V

z2P
dt + σ

zV
zP

dB + zV
zP

dZ + zV
zt

dt]}},
Finally, take the expectation of the above equation and divide the
value at dt.

zV
zt

+ 1
2
σ2
z2V

z2P
+ α(K0 + βsin(2π(t − tSA)) − P) zV

zP
− rV − C0

−CS +maxuE[u(t)a(u)P(t) − CD(t)] � 0. (9)

The last part of the above formula contains the variable u(t). To
realize the optimal economic value of the wind-power HESS, the
actual operating power, u(t), which is also the buying and selling
power, should meet the following requirements:

{ maxuE{u(t)a(u)[P(t) − c]}, u(t)≥ 0
maxuE{u(t)a(u)[P(t) − c] − cEi(t)a(u)}, u(t) − Ei(t)< 0

,

where u ∈ [umin(t) + Ei(t), umax(t)], a(u) �
{ a1, u≥ 0
a2, u − Ei(t)< 0

.

Therefore, when u(t) meets the optimal operation condition
(u*), the wind-power HESS will satisfy

zV
zt

+ 1
2
σ2
z2V

z2P
+ α(K0 + βsin(2π(t − tSA)) − P) zV

zP
− rV − C0 − CS

+ u(t)a(u)P(t) − CD(t) � 0.

(10)

Now the question comes to find the optimal control variable, u*.

Boundary Conditions
Assume that the energy storage systemwill stop working at the end
of the project life, and then the system’s real-time value will be zero.

v(P, t) � 0, t � T .

When the market price of electricity is high, the optimal choice is
to maximize the output power for grid-connected sales. When the
market price of electricity is low, the optimal choice is to purchase
power for energy storage for subsequent operation. However, if
the market price stays still, the real-time value v of the system will
not change, so the optimal choice at this time will be no additional
buying or selling. To sum up, the boundaries for the value of the
wind-power HESS are defined as follows:

{ VPP → 0, P large
VPP → 0, P→ 0

,

Next, let us define the difference term’s restrictions in the
valuation model. Set Vi

j as the value when the energy storage
system operates at the time i and the electricity market price P is
at its jth node, where i � 1, 2,..., N while j is a continuous variable
with 0 as the lowest value. Therefore, take the discretized first-
order difference of the value function with time t and price P. The
results are shown in Eqs. 11, 12.

zVi
j

zt
� Vi+1

j − Vi
j

δt
, (11)

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

zVi
j

zP
� Vi

j+1 − Vi
j

δP
, if α> 0

zVi
j

zP
� Vi

j − Vi
j−1

δP
, if α≤ 0.

(12)

Then, take the discretized second-order partial difference in the
value function with price P.

z2Vi
j

zP2
� Vi

j+1, − 2Vi
j + Vi

j−1
(δP)2 . (13)

When the market price of electricity is zero or reaches its peak
value, the second-order difference in the wind-power HESS’s
value is zero. Hence, the following boundary conditions
determine the second-order difference term in Eq. 13.

z2Vi
0

zP2
� 0,

z2Vi
N

zP2
� 0.

The constraints include the energy storage capacity, I, and its
first-order derivative. The specific boundary conditions are
defined as follows:

{ u(t)a(u)> 0, I � Imax

[u(t) − Ei(t)]a(u)≤ 0, I � 0
.

The above formula indicates that the input power is zero when
the wind-power HESS works at its maximum capacity. That is,
operators should adopt the strategy of discharge or no operation.
When the working capacity of the system is zero, there is no
power output. That is, operators should adopt the strategy of
charge or no operation. Based on the above objections and
restrictions, the optimal control variable, u*, can be solved
with Monte Carlo simulations.

SIMULATION OF THE INVESTMENT VALUE

Simulation Assumptions
The operation and settlement cycle of the wind-power HESS
is generally 1 year, so this resaerch studies the value and
operation decision of the wind-power HESS within 1 year.
According to the existing hydrogen storage technology
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specifications, we set the maximum energy storage capacity to
be 100 MWh, maximum released power to be 6 MW, and
maximum stored power of the wind-power HESS to be
10 MW. For the direct transmission power model of
excessive wind power consumption, assume that the
periodic parameters a and b are 2000 and −5,000,
respectively, the peak time t0 � 0, the average stored power
Ei0 is 5,000 kW, the average recovery rate α1 is 0.5, and the
volatility at σ1 is 0.2. The long-term average electricity price,
K0, is based on the benchmark on-grid price of onshore wind
power in the four resource zones (see Table 3) and set as
0.5 yuan/kWh. t is in hours.

We assume that the average recovery rate α2 is 0.5, the
volatility σ2 is 0.05, the jumping parameter c is 0.05, and the
seasonal parameter β is 0.1. The simulation results of the
electricity price are shown in Figure 2.

Assuming unlimited operating time, the construction period
(t1) lasts for 4 years, � 1 (Yuan/kW), C0 � 104 (Yuan), and the
annual discount rate during the construction period is 10%,

a(u) � { 1/0.6，if u< 0
0.9， if u≥ 0

.

Assume that the unit construction cost is 0.35 yuan/kWh and
the total investment is 350 million yuan, that is, IC � 350 million
yuan. For the convenience of calculation, assume that the subsidy
is equal to the investment, that is, Sub � 350 million yuan, then Ic

− Sub � 0. Suppose the initial hydrogen energy storage system is
at full working capacity, I0 � 105 kWh.

Simulation Results
Figure 3 shows the value of the wind-power HESS under
different electricity market prices and working capacities.
When the electricity market price is high and the HESS
reaches full load, the value of the wind-power HESS reaches
its maximum. When the electricity market price is the highest
and the HESS’s working capacity is zero, then the value of the
wind-power HESS reaches the minimum. This result can be
understood as when the electricity price is very high, or the
HESS is running at full capacity, the decision-makers always
choose to produce hydrogen energy as soon as possible to obtain
the maximum profit. When the HESS’s working capacity is zero,
no matter how high the electricity price is, the decision-maker
has no available stored hydrogen energy for power generation
output. In that case, it is not worth buying extra electricity for
sale because of the high purchasing price. Besides the above two
extreme cases, the decision-makers will choose to purchase
electricity from the spot market and convert it into hydrogen
energy for storage if the electricity price is relatively low and the
HESS still has vacant working capacity. In this way, they can
convert hydrogen to output electricity through fuel cells after
the electricity price rises. Therefore, when the system’s working

TABLE 3 | Wind power benchmarking price of four resource zones in China (yuan/kWh).

Reference NDRC No.[2009]1906 NDRC No.[2014]3,008 NDRC No.[2016]2,729 NDRC No.[2016]2,729

Effective date 2009.08 2015.01 2016.01 2018.01
Type I 0.51 0.49 0.47 0.40
Type II 0.54 0.52 0.50 0.45
Type III 0.58 0.56 0.54 0.49
Type IV 0.61 0.61 0.60 0.57

Source: documents released by the National Development and Reform Commission of China.

FIGURE 2 | Single simulation of electricity prices (for 1 year).
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capacity is high, the wind power-HESS is equivalent to a call
option of the electricity market price. When the system’s
working capacity is low, it is equivalent to a put option.
When the working capacity is between zero and its
maximum, the wind power-HESS is equivalent to a saddle
option (a compound option with calls and puts) of the
electricity market price.

Figure 4 shows the optimal generating, storing, and discharging
strategies of the HESS under various power prices and system
capacities. The joint distribution of power price and working
capacity decides the operator’s optimal generating, storing, and
discharging decision. When the power price is low, the operator
will be willing to purchase extra electricity from the spot market for
storage after completing the overabundant wind power storage as
long as the system has not fully loaded. When the electricity price
increases to a threshold, the optimal choice changes to convert
stored hydrogen into electric energy and sell it for profit. The
boundary area in Figure 4 shows that when theworking capacity of
the wind-power HESS is zero, even if the electricity price is high, it
is still impossible to convert hydrogen energy for on-grid sales.
Similarly, when the wind-power HESS works at full load, the

decision-maker will not purchase low-cost electricity for storage,
even if the electricity market price is meager.

Besides, when the electricity price fluctuates to its long-term
average level, the decision-maker may not buy additional power
to charge the energy storage system if its working capacity is
already high. It depends on the power price trend and the variable
cost of producing and storing hydrogen energy.

Figure 5 shows the changes in power price and the working
capacity with time and the corresponding operation strategies.

(1) Price Volatility. We assume that the wind-power HESS was
working at full load initially. The simulation results have
captured the electricity price fluctuation during different
hours. The seasonal effect is much smaller than the
intraday fluctuation, although we set the electricity price
to repeat the first rising then falling twice a year. The
trend of electricity price is shown in Figure 5A.

(2) Change ofWorking Capacity. Figure 5B describes the changes
in working capacity during the operation. Within a day, as
the electricity price rises high enough for the on-grid sales to
compensate for the operating cost, the operator will always

FIGURE 3 | Wind-power HESS value surface.

FIGURE 4 | Control surface of wind-power HESS.
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convert hydrogen energy to output electric power for sales.
During that time, the energy storage system’s working
capacity keeps declining. Starting from the intraday peak,
the price of electricity begins to decrease. When it drops to a
certain level, the operator begins to purchase additional
electricity to input the system and transform it into
hydrogen to store. During this period, the operator waits
until the power price rises for on-grid sales. However, when
the electricity price falls to the bottom, it’s difficult to
recover the operating cost of on-grid sales. When the
electricity price reaches the peak, it is too expensive to
buy additional electricity to produce hydrogen for
subsequent discharging. In the above two states of
nature, the system will only take in the zero-cost wind
power and slowly reach saturation. Figure 5B shows that the

system maintains more than 60% of energy at work and it
reaches the full load frequently, which implies that the
charging frequency is higher than the discharging
frequency or energy storage speed is quicker than the
discharging speed. This difference is mainly because the
wind-power HESS must first absorb surplus wind power
during the storage phase, which is the system's principal
primary function. Surplus wind power carries no
procurement cost. As long as the unit energy storage cost
is lower than the output electricity price, the storage system
will always consume electric energy and transform it into
hydrogen energy. When the wind-power HESS starts to
discharge continuously, the discharged power is the
absolute operating power. To sum up, when the system
starts storing energy, the excess wind power consumed is

FIGURE 5 | Working capacity and operational strategy changing with electricity prices.

FIGURE 6 | Total cash flows with different seasonal factors of electricity price (for one year).
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superimposed, increasing the energy storage velocity and
the working capacity rapidly. Thus the wind-power HESS
can quickly reach the full load.

(3) Energy Storage and Discharge Strategies. Figure 5C shows the
system’s operating power of wind absorbing, while Figure 5D
describes the net operating power without surplus wind power.
Comparing these two figures, we find that the HSEE system can
timely digest surplus wind power to reduce capacitance loss
from discharging. The operating strategy in Figures 5C,D varies
consistently with the change of capacity in Figure 5B. The
operator repeats a loop of releasing energy for sale (being bullish
on electricity price), no operation (maintaining value), energy
storage (being bearish on electricity price), and waiting for
appreciation. The circulatory strategy accords with those
above-mentioned three real options.

Sensitivity Analysis
Seasonal Parameter of Electricity Price, β
There is no seasonal effect when the seasonal fluctuation rate of
electricity price, β, equals 0. As β increases, the seasonal
fluctuation of the electricity price will increase gradually. We
assume that the values of β are equal to 0.1 (which is the base
scenario), 0.3, 0.5, 0.7, and 0.9, respectively; repeat the simulation
procedures and summarize the results in Figure 6.

As shown in Figure 6, with the seasonal fluctuation of electricity
market price increases, the accumulated cash flow of the wind-
power HESS gradually decreases so that operators’ profit decreases.
Under different β values, the overall upward trend of the system’s
accumulated cash flows is approximately the same.

When β � 0.9, the seasonal fluctuation of the electricity price is the
strongest among the five scenarios, which means it takes the longest
time for the price to return to its long-term average because the
intraday fluctuations are superimposed with a large seasonal
deviation. Therefore, operators have to face a lot of time to idle
the system and wait for the price to fluctuate to the other side of the
long-term average. A shorter operational window period leaves less

room for thewind-powerHESS to earn profits across time. Therefore,
the accrued cash flow is the least when β � 0.9. Nevertheless,
considering zero-cost excess wind power consumption, the annual
accumulated cash flow is still positive in this case. As β decreases, the
mean-reverting speed of electricity price rises gradually, and the real-
time value of the wind-power HESS increases accordingly. It’s the
intraday volatility instead of β that decides the opportunity to exercise
the real options. The power sector’s marketization reform is
conducive to improve the value of wind-power HESS and
promote the industrialization of hydrogen energy storages.
Marketization reform will increase the ultra-short-term price
jumps or spikes in electricity prices and iron out the seasonal
effects using electricity derivatives such as futures, options, and swaps.

Unit Operating Cost of the System, c.
Figure 7 shows the simulation results of net operating power without
surplus wind power when c is equal to 1.0 (which is the base scenario),
1.5, 2.0, 2.5, and 3.0, respectively. The time of zero operating power (u
� 0) will be prolonged as c increases because the increasing operating
cost reduces profit margin, leaving little space for operators to exercise
options. That is, the time for operators not to execute storage
operation is prolonged. It implies that technological breakthroughs
are essential to reduce the system’s operating cost and further
stimulate operators’ enthusiasm for the system.

Subsidies, Sub
Figure 8 shows the change in the value of wind-power HESS
when the subsidy parameter, Sub, is equal to 0, 20%, 40%, 60%,
80%, and 100% of investment (which is the base scenario).
Subsidies can significantly improve the economy of energy
storage systems. In the absence of subsidy (Sub � 0), which is
the worst case and severe crackdown on operators’ investment
enthusiasm, the value of wind-power HESS will be 87% of that
when initial investment is 100% subsidized. Therefore, it is still
necessary for the government to subsidize enterprises to promote
investment in energy storage system projects until notable
technological innovations come.

FIGURE 7 | The impact of the operation costs on decision-making in wind-power HESS..

Frontiers in Energy Research | www.frontiersin.org March 2021 | Volume 9 | Article 62913611

Xue et al. Hydrogen-Based Wind-Energy Storage System

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


CONCLUSION

This article comprehensively evaluates the investment value of
the wind-power HESS from three aspects: resource utilization,
emission reduction, and economic value.

First of all, the intermittence and fluctuation of wind power
generation decrease the power system’s stability, causing great
losses due to wind power casted away off-grid. Since the wind-
power HESS can dynamically absorb the excess power and
convert it into hydrogen energy for storage and timely release
on-grid, it effectively makes up for the instability of wind power
generation. According to our scenario hypothesis, China’s
curtailed wind power is as high as 16.9 billion kWh per year.
The installment of the wind-power HESS can absorb the surplus
wind power and equivalently save 21.9–32.85 million tons of
standard coal consumption per year. The coal consumption
saving can reduce pollutant emissions (such as CO2, SO2,
NOx, and PM) by 3.31–4.97 million tons per year and save the
environmental cost by 286.6–429.8 million yuan annually.

Secondly, operational flexibilities will increase the economic
value of the wind-power HESS. We established a real option
valuation model to capture the value of flexibilities and discuss
the influence of factors (including price fluctuation, investment
cost, unit operation cost, operation efficiency, and subsidies) on
the project’s value with a dynamic programming method.
Specifically, the wind-power HESS can be regarded as a call
option, put option, and saddle option according to the
electricity price and storage workload. To maximize the
system’s value, operators need to make reasonable operational
strategies according to the power price and the storage system’s
workload. Overall, operators should store energy when the
electricity market price is low and discharge energy when the
electricity market price climbs high.

Finally, the sensitivity analysis of the valuation model’s critical
parameters shows that (1) the less significant the seasonal
fluctuation of electricity price, the better the HESS’s economy.
To some extent, the marketization of electricity industry will
enhance energy storage’s potential benefits and further promote
its industrialization. (2) The lower the unit operating cost is, the

more frequent charging and discharging operators perform.
Therefore, it is necessary to encourage investment in the
technological breakthroughs of wind-power HESS to reduce
the system’s operating cost. (3) The subsidy level has a
meaningful influence on the value of wind-power HESS. The
development of energy storage technology also relies on incentive
policies (such as subsidies and tax incentives).
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